Changes in extreme temperatures, heat waves, and heavy rainfall events have adverse 2 effects on human health, air quality, and water resources. Using aerosol only (AER) and 3 greenhouse gas only (GHG) simulations from the GFDL CM3 chemistry-climate model, we 4 investigate aerosol-versus greenhouse gas-induced changes in temperature (summer) and 5 precipitation (all seasons) extremes over the United States from 1860 to 2005. Small changes in 6 these extremes in the "all forcing" simulations reflect cancellations between the effects of 7 increasing anthropogenic aerosols and greenhouse gases. In AER, extreme high temperatures 8 and the number of days with temperatures above the 90 th percentile decline over most of the U.S. 9
Introduction 22
Modeled winter temperatures are in good agreement with observations from CRU, with a mean 18 bias of only −0.03°C over the continental U.S. (Sheffield et al. 2013) . 19 (−2.6% of the observed mean). Despite these biases, CM3 generally captures the observed 4 spatial distribution of wintertime precipitation (Sheffield et al. 2013 ). In summer, CM3 has 5 relatively small biases in mean precipitation over eastern and central North America (−4.38% 6 and +7.45% of the observed mean, respectively), and a high bias over western North America 7 (+54.74% of the observed mean). The model does not capture the observed spatial distribution 8 of summertime precipitation over the U.S.A., a common weakness amongst CMIP5 models, 9 most likely due to a failure to properly represent the dynamical conditions that produce 10 summertime precipitation (Sheffield et al. 2013 ; G. Vecchi, personal communication, April 10, 11 2015). 12 13
Historical changes over the U.S.A.: Greenhouse gases vs. aerosols 14

Temperature extremes 15
In this section we examine summertime changes in TX90p and TXx, which provide 16 information on changes in the magnitude and frequency of extreme high temperatures, using the 17 AER, GHG, and HIST simulations (Section 2.1). Significant changes in summertime TX90p 18 occur in AER and GHG over this time period (Fig. 1a, 
b). Aerosols generally lead to decreases in 19
TX90p while greenhouse gases generally lead to increases. Increasing greenhouse gases produce 20 warming outside of the range of natural variability everywhere in the U.S., while increasing 21 aerosols produce cooling outside of the range of natural variability over most of the U.S., with 22 the exception of the southeast U.S. (discussed further in Section 5). Changes in the historical 23 simulations, from 1860-2005, are generally not statistically significantly outside the range of 1 natural variability as determined by the pre-Industrial control simulation (Fig. 1c) . 2
Greenhouse gases (with the exception of ozone) are long-lived and thus well mixed in the 3 atmosphere, while aerosols have a heterogeneous spatial distribution. However, Fig. 1a,b shows 4 a statistically significant anti-correlation between the response patterns associated with 5 greenhouse gases and aerosols over the U.S., with a pattern correlation coefficient of −0.72. In 6 both AER and GHG the largest temperature changes occur in the western U.S. (−14.0 and +11. GHG and AER, there is a cancellation between these two competing effects in the "all forcing" 13 simulation, resulting in little to no change in TX90p in Fig. 1c . 14 TXx similarly shows a significant anti-correlation between the effects of greenhouse 15 gases and aerosols, with a pattern correlation coefficient of −0.64 (Fig. 1d,e) . The largest 16 responses to anthropogenic forcing occur in the western U.S., where aerosols reduce TXx by 17 −2.0°C and greenhouse gases increase TXx by 2.3°C. The response in the southeast U.S. is 18 relatively weak, with aerosols reducing TXx by −0.6°C and greenhouse gases increasing TXx by 19 1.6°C. As for TX90p, cancellations between the effects of aerosols and greenhouse gases on 20
TXx result in relatively small changes in the historical simulation (Fig. 1f) . 21 22
Precipitation extremes 23
Overall, aerosols tend to reduce precipitation in the U.S. while greenhouse gases tend to 1 increase it (Fig. 2, Supplemental Fig. 1 ). However, the spatial distribution of changes in 2 precipitation varies in some seasons in response to different types of forcing. This finding is 3 consistent with previous modeling studies that found that the precipitation response pattern is 4 dependent on the type of forcing agent and its spatial distribution (e. (Fig. 2a,b) . Changes elsewhere in the U.S.A. are not significant in winter. In the spring, 9 extreme precipitation in AER decreases slightly in the eastern U.S., but it is not significant (Fig.  10 2d). However, in GHG, springtime extreme precipitation increases over most of the central and 11 eastern U.S.A (Fig. 2e) . In this season, the correlation coefficient between AER and GHG is 12 only −0.24, suggesting that different mechanisms determine the springtime impacts of aerosols 13 and greenhouse gases on extreme precipitation. Changes in HIST are shown for both seasons for 14 completeness, but are not significant (Fig. 2c,f) . Changes in extreme precipitation in summer 15 and fall are less significant than those in winter and spring and are shown in Supplemental Fig. 2 . 16 17 4. Future changes in U.S. temperature and precipitation extremes 18
Extreme temperatures become the new normal 19
Under the RCP8.5 scenario, in which anthropogenic radiative forcing reaches 20 approximately 8.5 W m −2 by 2100 (relative to the pre-Industrial), the well-mixed greenhouse 21 gases increase steadily throughout the 21st century, while emissions of short-lived pollutants 22
(aerosols, and aerosol and tropospheric ozone precursors) decrease dramatically due to air 23 quality regulations (Riahi et al. 2011). By mid-century, the warming signal associated with the 1 combined effects of increasing greenhouse gas concentrations and decreasing aerosol 2 concentrations is clearly apparent over the U.S., with increases in TX90p on the order of 40 to 50 3 days per summer (Fig. 3a,b) , and increases in TXx between 2.5 to 6.0°C (Fig. 3c,d ). By the end 4 of the century, TX90p saturates with respect to the 1961-1990 climatology and almost all 5 summer days lie above the 90 th percentile thresholds. By the end of the 21 st century, TXx has 6 increased substantially by 5 to 10°C across the U.S. For both TX90p and TXx, the spatial 7 pattern of the temperature response in the 21 st century is similar to the GHG simulation ( Fig.  8 1b,e; Supplemental Figs. 3 and 4). Although significant warming occurs everywhere by mid-9 century, the southeast U.S. warms less rapidly than the rest of the country. This feature is 10 discussed in Section 5. 11
We investigate next how long it will take before future anthropogenic climate change can 12 be expected to exceed the range of natural variability (which does not occur in HIST due to 13 cancellation between aerosols and greenhouse gases). We define the time of emergence as the 14 first year when the difference between the 30-year mean centered on that year and the end of the 15 twentieth century is outside of the range of natural variability in the pre-Industrial 16 control simulation (following the approach described above). For both TX90p and TXx, the 17 climate change signal becomes detectable within the first few decades of the 21 st century, over 18 most of the U.S (Fig. 4a,b) . 19
In order to separate the effects of decreasing aerosol concentrations and increasing 20 greenhouse gas concentrations, we examine a second future scenario, RCP8.5_2005Aer, in 21 which greenhouse gas concentrations follow their RCP8. (Supplemental Fig. 5 ). In the southeast and northeast U.S., R99p increases by 32 mm and 42 22 mm respectively (Fig. 5a ), while it increases in the western U.S. by 18 mm (Fig. 5b) . In spring, 23 13 R99p increases significantly over the eastern and north-central U.S. (Supplemental Fig. 5) . By 1 the end of the 21 st century, springtime R99p has increased by 30 mm in the southeast U.S., and 2 by 40 mm in the northeast U.S. (Fig. 5c ). On average, comparing 2070-2100 to 3 springtime R99p increases by 9.5 mm in the central U.S. (Fig. 5d) , but with a region in the north-4 central U.S. that increases by 30 mm (Supplemental Fig. 5d ). Summertime changes in extreme 5 precipitation are generally not significant (Supplemental Fig. 5 ). Finally, in fall, there are 6 statistically significant increases in R99p in the northeast and northwest, averaging 25 and 15 7 mm by end of century respectively ( Fig. 5e,f; Supplemental Fig. 5 ). This is particularly 8 noteworthy because, in contrast with winter and spring, there are generally no statistically 9 significant changes in total precipitation in this season (Supplemental Fig. 6 ). This indicates a 10 change in the shape of the overall distribution of precipitation, with a tendency towards more 11 extreme precipitation. 12
The climate change signal is slower to emerge for precipitation than for temperature. The 13 changes emerge as significant early in the 21 st century in the eastern U.S. in winter and spring 14 (Fig. 6a,b) ; in the western U.S. in winter, the signal emerges by 2050; and in autumn, the signal 15 emerges late in the 21 st century in the Midwest and pacific northwest (Supplemental Fig. 7b ). 16
The impacts of reductions in aerosol concentrations on extreme precipitation are minimal over 17 the 21 st century (Fig. 5) , and changes in the time of emergence are small (Fig. 6 , Supplemental 18 The absence of statistically significant cooling in the southeast U.S. in the AER 22 simulations (Fig. 1a,d ) and weak warming in the GHG simulations (Fig. 1b,e) In keeping with previous studies, the weak temperature response in the southeast U.S. in 10 CM3 is due to changes in the hydrological cycle in the region affecting the surface energy 11 budget. During summer, aerosols decrease total precipitation in the southeast U.S., while 12 greenhouse gases increase it (Supplemental Fig. 1g,h ). In AER, this precipitation decrease is 13 consistent with a reduction in moisture transport into the region, and an accompanying reduction 14 in the total cloud fraction (Fig. 7b,c) . Total column water vapor (not shown) also decreases in 15 the region. This produces the two-fold effect of reducing the soil moisture content (Fig. 7a) , 16 which contributes to increased sensible versus latent heating of the near-surface air, and 17 increasing the shortwave (SW) radiation absorption at the surface (Fig. 7d) . Both of these 18 processes act to produce the muted temperature response over the southeast U.S. in AER. we find that the Bermuda High is weakened along its westward edge, weakening the 850 hPa 23 winds blowing moisture-laden air from the Gulf of Mexico into the southeast U.S., and 1 contributing to the changes in the hydrology discussed above (Fig. 7e,f) . This result contrasts 2 with earlier findings using the GISS model, in which U.S. aerosols strengthened the Bermuda 3 High, driving a circulation which increased the moisture transport into the southeast U.S., and 4 produced a strong cooling trend in the region (Leibensperger et al. 2012) . 5
In GHG, the regional increases in precipitation are accompanied by increases in the 6 moisture flux into the southeast U.S. and decreases in the SW absorption at the surface (Fig.  7 8b,d). Increases in total column water vapor (not shown) contribute to the decreases in SW 8 absorption at the surface. The total cloud fraction does not change significantly over the 9 southeast U.S.; however, large-scale decreases in total cloud fraction occur over the rest of the 10 eastern and central U.S., which likely contribute to enhanced warming outside of the southeast 11 (Fig. 8c) . Changes in soil moisture content do not contribute to the weak warming in the 12 southeast U.S. in GHG (Fig. 8a) . Although the Bermuda High is strengthened, we do not find 13 clear evidence of low-level circulation changes to explain the change in the transport of moisture 14 into the southeast U.S. (Fig. 8e,f) . Therefore, further analysis is required to determine the 15 mechanisms driving the changes in the hydrological cycle over the southeast U.S. in response to 16 rising greenhouse gases. 17 18
Conclusions 19
The ETCCDI extreme climate indices have been used as a metric for investigating 20 changes in extreme temperature and precipitation in the U.S. As expected, high temperature 21 extremes in the U.S. generally decrease in response to aerosols and increase in response to 22 greenhouse gases. We identify clear regional patterns of response to forcing: the western U.S. 23 has the strongest response to both aerosols and greenhouse gases, while the weakest response 1 occurs in the southeast U.S. (Fig. 1) . This compares well with observations of temperature 2 trends in the U.S., and gives us confidence in the model representation of spatial patterns of 3 temperature extremes (Meehl et al. 2012; Sheffield et al. 2013) . 4
Overall, simulated precipitation changes during the historical period are concentrated in 5 the eastern and central U.S., the regions where the model best captures the observed patterns 6 (Sheffield et al. 2013) . In the CM3 model, aerosols tend to reduce extreme precipitation, while 7 greenhouse gases tend to increase it, particularly in the spring (Fig. 2) Further, the EPA does not endorse the purchase of any commercial products or services 7 mentioned in the publication. 
